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ABSTRACT We have previously reported that the cab-
bage butterfly, Pieris rapae, contains a 98-kDa protein, named
pierisin, that induces apoptosis in a variety of human cancer
cell lines. In the present study, sequencing and cloning of a
c¢DNA encoding pierisin was accomplished. PCR-direct se-
quencing showed that the gene encodes an 850-amino acid
protein with a calculated molecular weight of 98,081. An intact
clone at the amino acid level encompassing the entire coding
region was obtained by recombination of two independent
clones, and the molecular mass of its in vifro expressed protein
was about 100 kDa on SDS/PAGE, the same as that of purified
native pierisin. The expressed protein induced apoptosis in
human gastric carcinoma TMK-1 and cervical carcinoma
HeLa cells, like the native protein, indicating functional
activity. The deduced amino acid sequence of pierisin showed
32% homology with a 100-kDa mosquitocidal toxin from
Bacillus sphaericus SSII-1. In addition, pierisin showed re-
gional sequence similarities with ADP-ribosylating toxins,
such as the A subunit of cholera toxin. A glutamic acid residue
at the putative NAD-binding site, conserved in all ADP-
ribosylating toxins, was also found in pierisin. Substitution of
another amino acid for glutamic acid 165 resulted in a great
decrease in cytotoxicity and induction of apoptosis. Moreover,
inhibitors of ADP-ribosylating enzymes reduced pierisin-
induced apoptosis. These results suggest that the apoptosis-
inducing protein pierisin might possess ADP-ribosylation
activity that leads to apoptosis of the cells.

There are tremendous numbers of insect species throughout
the world. The self-defense systems in insects are different
from those of mammals (1-3). Thus, they could be good
sources of new biologically active substances, including anti-
cancer agents. However, reports describing anticancer agents
from insect sources are very limited (4, 5).

Recently, our search for cytotoxic substances in various
kinds of butterflies demonstrated the presence of agents active
against human carcinoma cells in three butterflies, Pieris rapae,
Pieris napi, and Pieris brassicae (6, 7), P. rapae and P. brassicae
being cabbage butterflies commonly distributed over the
globe. Among the three developmental stages, larvae, pupae,
and adults of P. rapae, the pupae showed the strongest
cytotoxic activity (6). The active protein principle in pupae,
named pierisin, has been purified by various column chro-
matographies, and its molecular mass was estimated to be 98
kDa by mass spectrometry (8).

Pierisin exhibited potent cytotoxic effects against various
kinds of human cancer cell lines with large differences in
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sensitivity, with ICs values ranging from 0.043 to 150 ng/ml (8,
9). Among the cancer cells tested, the cervical carcinoma cell
line, HeLa, was the most sensitive, followed by the gastric
carcinoma cell line, TMK-1. Pierisin was found to clearly
induce apoptotic cell death in most cancer cell lines, displaying
characteristic morphological features, DNA fragmentation,
and cleavage of poly(ADP-ribose) polymerase. The pathway
was apparently distinct from anti-Fas, TNF-q, or p53-mediated
apoptosis (9). Thus, pierisin derived from an insect source
could offer informative data for development of novel anti-
cancer agents.

To elucidate the biological function of pierisin, a cDNA
encoding pierisin was cloned in the present study. Here, we
report that the pierisin gene encodes an 850-amino acid
protein whose deduced amino acid sequence shares regional
sequence similarity with ADP-ribosylating toxins. Disruption
of a putative NAD-binding site by site-directed mutagenesis
and treatment with inhibitors of ADP-ribosyltransferases led
to loss of apoptosis induction potential, suggesting that pierisin
has ADP-ribosylation activity.

MATERIALS AND METHODS

Preparation of RNA for Cloning of Pierisin Gene.Total
RNA from different developmental stages of P. rapae was
prepared by using a guanidinium thiocyanate method (10).
RNA preparations were then subjected to in vitro translation
using rabbit reticulocyte lysate (Ambion, Austin, TX) without
radiolabeled amino acids. The cytotoxic activity of each trans-
lated sample was examined in human gastric carcinoma
TMK-1 cells (11).

Internal Amino Acid Sequence Analysis of Pierisin. Pierisin
was purified from the pupae of P. rapae as described previously
(8), reduced with DTT, modified in its cysteine residues with
4-vinylpyridine (12), and digested with lysylendopeptidase
(13). The digested pierisin peptides were separated by reverse-
phase-HPLC with a u-Bondasphere column (Waters). Amino
acid sequences of the isolated peptides were determined by
using a PSQ-1 protein sequencer (Shimadzu).

PCR Amplification and Sequencing of cDNA Encoding
Pierisin. All PCR amplifications were performed with a DNA
thermal cycler model 9600 (Perkin-Elmer Applied Biosys-
tems, Foster City, CA). cDNA of mRNA from P. rapae was
synthesized from the total RNA preparation (2 pg) from
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fifth-instar larvae by using a CapFinder PCR c¢cDNA Library
Construction Kit (CLONTECH). The synthesized cDNA was
then subjected to PCR amplification (14) of pierisin-specific
sequences by LA Taqg DNA polymerase (Takara Shuzo, Otsu,
Japan), using 1 uM sense and antisense degenerate primers
corresponding to pierisin peptides, EMILRGYTNSGSNNQ
and ESGNTWYLK, or a sense degenerate primer and 0.1 uM
(dT)2s oligomer. For discrimination of PCR products, the
cDNA fragments were cloned into pBluescript KS+ or
pT7Blue and partially sequenced by using an Applied Biosys-
tems PRISM BigDye Terminator Cycle Sequencing Ready
Reaction Kit and an ABI377 PRISM DNA Sequencer (PE
Applied Biosystems). Thus, internal and 3’-terminal cDNA
fragments were obtained. To obtain a 5'-terminal cDNA
fragment, PCR was performed with 0.3 uM each of the 5’
anchor primer (5'-TACGGCTGCGAGAAGACGACA-
GAA) and an antisense primer (5'-TGCCAGTATTGGT-
TATTGCT); the sequence was chosen from the internal
cDNA fragment. The resulting 5" cDNA fragment was cloned
into pBluescript KS+ and partially sequenced. Full-length
pierisin cDNA was obtained by PCR amplification using a 5’
primer (5'-GGACGGAATCAATCATTT), which is the se-
quence adjacent to the 5’ anchor primer, and a 3’ primer
(5'-TTTAATAGTAAATAAAGTTTATTGACAT), which
is the sequence adjacent to the poly(A) stretch. The amplified
4-kb fragment was subjected to PCR direct sequencing to
determine the entire cDNA sequence.

Construction of a Clone of the Coding Region of the Pierisin
Gene. The coding region of the pierisin gene, with 293 bp of
3’-flanking region, was amplified and an EcoRI restriction site
introduced at each end, using the primer pair 5'-CCGAAT-
TCTCATGGCTGACCGTCAACCTTACATGACTAATG-
GTATTCAG and 5'-GGGAATTCGCCCTGTTTCACAAT-
GTATG. The 4-kb PCR fragment described above was used as
a template DNA. The amplified fragment was digested with
EcoRI and inserted into Agt10. The recombinant clones were

ACGGAATCAATCATTTCAC T'P'PG’PGO\AGCAGC’I‘CAWAMAGTAWATMAGTCATAMAWAWAWACMTGGCTGACCGTCAACC'I'I‘ACATF \C

ATTACTGTCAAGGGCTTGGCCAATGGCATTATTAGCTACTAGCGAACTTC
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expressed in vitro, by the method described below, and se-
quenced to identify mutations at the nucleotide level. To
construct an intact subclone at the amino acid level, two
independent clones were recombined and subcloned into the
EcoRI site of pMAL-p2 (New England Biolabs) in the oppo-
site direction to the tac promoter. The subclone was verified by
sequencing the insert.

In Vitro Expression of Pierisin ¢cDNA. A T7 promoter
sequence attached a 5’ primer at the 5’ end of the coding
region (5'-ACTTCGAAATTAATACGACTCACTATAGG-
GCGAATTGCCACCATGGCTGACCGTCAACCTTAC)
and a 3’ primer corresponding to nucleotides 2,934-2,915
(shown in Fig. 1) were used for PCR to introduce a T7
promoter sequence upstream of the pierisin coding sequence.
The amplified fragment of pierisin cDNA with the T7 pro-
moter sequence was transcribed by using MEGAscript (Am-
bion) and then translated with rabbit reticulocyte lysate (Am-
bion) supplemented with 50 uM methionine and 5 uCi of
[**S]methionine in 25 wul of translation reaction medium to
produce nonradioactive and radioactive proteins, respectively.
The labeled translation product was electrophoresed on an
SDS/polyacrylamide gel and visualized by autoradiography.

Analysis of Cytotoxic and Apoptosis-Inducing Activities of
in Vitro Expressed Protein. Translated protein solution was
added to human gastric carcinoma TMK-1 or human cervical
carcinoma HeLa cells in culture (RIKEN cell bank, Tsukuba,
Japan) in RPMI-1640 medium supplemented with 10% FBS
(GIBCO/BRL). The culture was incubated at 37°C in 5% CO,
in air and subjected to morphological analysis and DNA
fragmentation analysis, as described previously (8), to detect
cytotoxicity and apoptosis-inducing activity of expressed pro-
tein from the isolated cDNA.

Site-Directed Mutagenesis. A DNA fragment containing a
mutation at Glu-165 was amplified from the subclone by using
modified 5’ primers, 5'-CAGATGCATCGCCTTGGCCTA-
ATCAAATGGATGTTGC for the mutation to aspartic acid
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F1G. 1. Nucleotide and deduced amino acid sequences of the cDNA for pierisin by PCR-direct sequencing. All determined internal amino acid
sequences of purified native pierisin from pupae of P. rapae, including those used to make degenerate primers, existed in the deduced amino acid
sequence of the gene, as underlined. Termination codons found at the 5’ end of the coding region are indicated by asterisks (*). A possible

polyadenylation signal, found near the 3’ end, is indicated by “#.”
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and 5'-CAGATGCATCGCCTTGGCCTAATCAAAT-
GCAGGTTGC for the mutation to glutamine, and a 3’ primer
corresponding to the nucleotides 902-881 in Fig. 1. To confirm
the appropriate recombination, the 5’ primers also contained
another, silent, sequence alteration that disrupted a Ncol site.
The amplified fragment was digested with NsiI and BsrGI, and
recombined into NsiI-BsrGI digest of the subclone. After
verification of the nucleotide sequence of the replaced Nsil—
BsrGI region, the mutated subclones were used for protein
expression in vitro.

Effects of Inhibitors of ADP-Ribosyltransferases on the
Cytotoxicity of Pierisin. 3-Aminobenzamide and benzamide
were obtained from Tokyo Kasei Kogyo (Tokyo). 3-Amino-
benzoic acid and 5-amino-2,3-dihydro-1,4-phthalazinedione
were from Wako Junyaku Kogyo (Osaka) and Sigma, respec-
tively. TMK-1 or HeLa cells were incubated with pierisin and
various doses of these chemicals for 72 h at 37°C, and then
subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) assay. The dose of pierisin was 1 ng/ml
for TMK-1 cells and 0.1 ng/ml for HeLa cells.

RESULTS

Sequence of the Pierisin Gene. Total RNA was prepared
from various developmental stages of P. rapae, larvae (third
and fifth instar), pupae (pre, early, and late stages), and adults,
and the levels of pierisin mRNA were estimated by in vitro
translation. The samples from fifth-instar larvae contained the
highest level, followed by those from prestage pupae. The
observed mRNA expression preceded the protein accumula-
tion, which was greatest in prestage pupae, then in early-stage
pupae. Pierisin mRNA was not detectable in the adults, and
the protein content was approximately 100-fold less than that
in the prestage pupae.

Using RNA from fifth-instar larvae and internal amino acid
sequences of digested peptides, we obtained a cDNA encoding
the entire pierisin. The nucleotide sequence of the isolated
cDNA is shown in Fig. 1. The full-length cDNA consisted of
3,973 bp accompanied by a 5'-anchor sequence and a polyad-
enylate stretch. The longest ORF began with the first ATG at
nucleotide 92 and ended with a TAA termination codon at
nucleotide position 2,642. The predicted initiation codon for
the ORF was preceded by termination codons in all three
reading frames. There was a polyadenylation signal
(AATAAA) at nucleotide 3,954, close to the poly(A) se-
quence. The putative protein encoded by the ORF comprised
850 amino acids with a calculated molecular weight of 98,081.
Moreover, the 13 peptide sequences of digests of purified
pierisin from pupae of P. rapae were found to be identical to
parts of the deduced amino acid sequence from the ORF (Fig.
1). From these results, the ORF in the isolated cDNA was
concluded to be the coding region of pierisin.

Cloning and Expression of the Pierisin Gene. To obtain a
clone, the PCR-amplified pierisin gene was inserted into Agt10,
and 24 clones were isolated. Five active clones, judged by in
vitro translation, were selected and sequenced. Finally, recom-
bination of two clones was carried out to construct a subclone
without any nonsilent sequence alterations. After confirma-
tion of the subclone by sequencing, the gene was expressed and
the resultant protein was analyzed. Its molecular mass was
about 100 kDa on SDS/PAGE (Fig. 2), the same as that of
purified native pierisin. The expressed protein induced mor-
phological change in TMK-1 and HeLa cells, as observed by
phase-contrast microscopy (Fig. 34). Fluorescent micrography
revealed chromatin condensation and nuclear fragmentation
in the cells (Fig. 3B). Oligonucleosomal DNA fragmentation
also occurred (Fig. 4). Thus, the expressed protein apparently
induced apoptosis, as with the native pierisin. The results
indicate that functionally active protein was expressed in vitro
from the isolated cDNA.
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Fic. 2. SDS/PAGE of [**S]methionine-labeled proteins, ex-
pressed from the subclone in the pMAL-p2 plasmid. The arrow
indicates the molecular size of the native pierisin.

Possible Involvement of ADP-Ribosylation in the Activity of
Pierisin. Gene and protein sequences homologous with pieri-
sin were searched for by using the National Center for
Biotechnology Information BLAST program. As a result, a

Control Expressed
F T v Ay g B _;' !

F1G. 3. Morphological analysis of TMK-1 and HeLa cells treated
with the in vitro-expressed protein from the subclone. The cells were
treated for 18 h with 3% (TMK-1) or 0.6% (HeLa) of rabbit
reticulocyte lysate alone (control), or containing synthesized protein
(expressed), or 2.5 ng/ml (TMK-1) or 0.5 ng/ml (HeLa) purified
native pierisin (native). (4) Phase-contrast micrographs. (B) Fluores-
cent micrographs.
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TMK-1

HelLa

FiG.4. DNA fragmentation in TMK-1 and HeLa cells treated with
the in vitro-expressed protein. The cells were treated with synthesized
protein (expressed) or purified native pierisin (native) under the same
conditions described in Fig. 3, and their DNA was extracted and run
on agarose gels.

100-kDa mosquitocidal toxin (Mtx) of Bacillus sphaericus
SSII-1 exhibited sequence similarity throughout the coding
region (Fig. 54) (15). The overall sequence homology was 32%
at the amino acid level. In addition, pierisin exhibited regional
sequence similarities with some ADP-ribosylating toxins, in-
cluding cholera toxin and Escherichia coli heat-labile toxin
(Fig. 5B) (16-20). A glutamic acid residue, known to be an
NAD-binding site and conserved among all ADP-ribosylating
toxins (21-23), corresponded to Glu-165 in pierisin (Fig. 5B).

To examine whether ADP-ribosylation is involved in the
cytotoxicity and apoptosis induction activity of pierisin to
TMK-1 and HeLa cells, the glutamic acid residue at position
165 was replaced with aspartic acid or glutamine by site-
directed mutagenesis, and the mutated clones were transcribed
and translated in vitro. The efficiencies of protein expression
from the nonmutated control subclone and the subclones with
an aspartic acid (E165D) or glutamine (E165Q) substitution
were about the same, as judged by SDS/PAGE after transla-
tion with [*>S]methionine. However, the cytotoxic activity of
the expressed proteins against HeLa cells was greatly de-
creased or even entirely lost (Fig. 6). The ICsy value of in
vitro-expressed protein from mutated clone E165D was more
than 10-fold higher than that from original clone, and the value
of E165Q clone was the same as that of control lysate without
expressed protein. As in the case of HeLa cells, similar
cytotoxic activity of the expressed proteins was observed in
TMK-1 cells (data not shown). Apoptosis-inducing activities of
the mutated proteins, determined by observation of nuclear
condensations and fragmentations of HeLa and TMK-1 cells,
were also decreased concordantly (data not shown). Thus, the
amino acid substitutions in pierisin strongly affected the
cytotoxicity and apoptosis induction activity against human
cells, suggesting possible functional involvement of ADP-
ribosylation activity.

Consistent with the above results, the cytotoxic activity of
pierisin against TMK-1 and HeLa cells was reduced to around
half by treatment with 3-aminobenzamide (5 mM), benzamide
(5 mM), or 5-amino-2,3-dihydro-1,4-phthalazinedione (0.1
mM), inhibitors of ADP-ribosyltransferases (24-26), but not
with 3-aminobenzoic acid, a noninhibitory analog (25, 27).

DISCUSSION

In the present study, we determined the nucleotide sequence
of a cDNA for the pierisin gene by PCR amplification and
direct sequencing. Insertion of the PCR-amplified pierisin
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HGHI FCDN'ENQTWHFTYNSTYHAYKIWSGRKSNLLLTWDSNAASKEMVVRAYTESRSKNQ

* ok Kk
M 473 FSN--SDKENQVWNLIYNPILKAYKIKSLKYPNYSLAWDSN--NTRTIVAA--TGDYNDQ
P 504 YW'RIEQTGSKSYKVRNLENSSMILGLTRVS’I‘PYGGLNLMVEDDSDGHSDLHSD&\ID}I:E’IF
M 527 YWLIERNEDNTYIIRNYENRKIVLDLSNGSTT-DGNGLL---GFEFHGGINQRWIIKPFS
P 564 YQD}P]?(ED:{NIFNDNFPNIAIDFTNQEGSLIHGHNFCSNNNQKWSFV'FDGKRKAYRIKSG

M 58

w

FNSIQDGIYQFMTVINQDLIADLTTNNYTIATKTNNYS- SNQKWTVTYNDKKRAYKIRNL

P 624 VRSNLWLSWDSNASSKEMVLRAYTESGSSNQYWRLDEANDGSYRIRNLQDYYKLIALTNK

* ok kkEE kK

M 642 QHAHLSLAWDSNHSDK--IFGA--TGDYDDOYWIPILQTDGSFIFRNYKNPNKIFG--TN

P 684 NTPYGGKELIVSD N'KESGN‘I'WYLKKLGEVPLPN'RKFRIATKLNYKKVID SSTSYNLII

* *kox
M 696 GQPIN’DIPLKAQDVTGQNNQKWYLRHLNSSNNF’I‘GYFNISSKKNFN'KIITMNSNKTQAVI
P 742 THDLNFASSIWELVYDSSKKAYNIYSSDINNLGWIYQNKNFFVKLGNIDGPDHGDLRYFW

* kK * k% * * * * *kx *

M 756 FDNIGINNQSWKLKYNDNKNAYQIH--ILDNFLYFQGGHNIVATMRNV---TNDDLRSYW

P 80

[

TIEYSMQTGCYLIRSLHDPANA- -~~~ VGYTDSESVITDTSTYSDNQLFHFILM
* % *x * *% T

M 811 YVEYNFNKDGFIIRNAFDTSYVLDVFQGNFANNTPTITYQNYLNDNQLWNFIPSLGVEPR

Pierisin 66 QRLVRWDRRPPNEI-FLDGFVPIVTREN--PDWE-ETDLYGFAKNNHPS- 110

Mtx 93 HRLLRWDRRPPNDI-FLNGFIPRVTNQNL-SPVE-DTHLLNYLRTNSPS- 138
CT-A 3 DKLYRADSRPPDEIKQSGGLMPRGQOSEYFDRGTQMNINLYDHARGTQTGEF 52
LTH-A 3 DKLYRADSRPPDEIKRSGGLMPRGHNEYFDRGTOMNINLYDHARGTQTGF 52
LTP-A 3 DRLYRADSRPPDEIKRSGGLMPRGHNEYFDRGTOMNINLYDHARGTQTGF 52
pPT-S1 5 ATVYRYDSRPPEDV- FQNGFTAWG NN--D-NV-LD- HL T-GRSCQVG- 44

* ok kK

Pierisin 111 FVSTTKTQRNKKKY-V-—=—-—-——-] WIPRNANRGIVYQYEI-- 142
Mex 139 -WTPHSANNNIIYRYEI-- 173
CT-A 53 VRHDDGYVSTSISLRSAHLV---— -GQTILSGHSTYYIYVI-A 89
LTH-A 53 VRYDDGYVSTSLSLRSAHLA--- ---GQSILSGYSTYYIYVI-A 89

LTP-A 53 VRYDDGYVSTSLSLRSAHLA-------—-——- GQSILSGYSTYYIYVI-A 89
PT-S1 45 -SSNSAFVSTSSSRRYTEVYLEHRMQEAVEAERAGRGTGHFIGYIYEVRA 93
Kk * %
Pierisin 143 ------ YA-PGGVDVN---DSFS--DASPWP-NQ) AFPGGT 172
Mtx 174 ------ FA-PGGIDIN---ASFSR-NHNPFP-NE TFPGGI 204
CT-A 90 —————- TA-PNMFNVN---DVLG--AYSPHP-DE! SALGGI 119
LTH-A 90 —————- TA-PNMFNVN~-~-DVLG--VYSPHP-YE! SALGGI 119
LTP-A 90 ------ TA-PNMFNVN---DVLG~-VYSPHP-YE! SALGGI 119
PT-S1 94 DNNFYGAASSYFEYVDTYGDNAGRILAGALATYQSENLAHRRT 136
* * *

Fic. 5. Sequence similarity of pierisin with Mtx and ADP-
ribosylating toxins. The conserved glutamic acid residue is boxed. (4)
Alignment of the deduced amino acid sequence of pierisin with that
of Mtx (15). P, pierisin; M, Mtx. Identical amino acids are marked by
asterisks (*). (B) Homologous region of pierisin with ADP-
ribosylating toxins. CT-A, the A subunit of cholera toxin (16); LTH-A
and LTP-A, the A subunit of E. coli heat-labile toxin pathogenic for
humans and pigs, respectively (17-19); PT-S1, the S1 subunit of
pertussis toxin (20). Completely conserved amino acids are marked by
asterisks (*).

gene into Agtl0 allowed a clone to be obtained whose in
vitro-expressed protein was functionally active, like the purified
native pierisin. Site-directed mutagenesis at a putative NAD-
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FiG. 6. Dose-dependent cytotoxic effects of nonmutated and
mutated proteins on HeLa cells. Cells were incubated with various
concentrations of rabbit reticulocyte lysate: control lysate (O); lysate
containing nonmutated protein (@), E165D protein (m), or E165Q
protein (A). After incubation for 72 h at 37°C, MTT assay was carried
out.

binding site, glutamic acid 165, further demonstrated that
ADP-ribosylation activity could be essential for the cytotox-
icity and apoptosis-inducing activity of pierisin against cancer
cells.

Because pierisin might be toxic to E. coli, clones encoding
intact pierisin gene might be lethal. Therefore, preferential
selection of defective clones (28) could be a critical issue in this
study. Thus, we first determined the sequence of the gene
without cloning, and then carefully selected several clones by
using a nonexpression vector, Agt10, and an in vitro expression
system. Based on the sequence from PCR direct sequencing,
an intact subclone was constructed by recombination of two
clones. The four sequence alterations in the subclone—A124T,
A1513G, A2155G, and T2778C—did not change the amino
acid sequence of pierisin. As we expected, the E. coli strains
transformed by the cloned pierisin gene in plasmid pET-
32a(+) or pBAD/His were easily lysed when the gene was
expressed (data not shown). This suggests that pierisin induces
death of E. coli, even at low concentrations. From these
observations, our experimental approach used in the present
study can be considered appropriate, although further study is
required to efficiently obtain large amounts of the recombi-
nant protein.

The present study showed pierisin to share sequence simi-
larity with a 100-kDa Mtx produced in Bacillus sphaericus
SSII-1. The mtx gene is reported to encode an 870-amino acid
protein containing a possible signal sequence (15), but se-
quence alignment suggested that pierisin does not contain this
signal sequence (Fig. 54). On the other hand, treatment with
a variety of proteases revealed that pierisin possesses a pro-
tease-sensitive region, shown in Fig. 7, like Mtx (29). This fact
provides additional evidence of similarity in the structure of
both proteins. However, Mtx is reported to be nontoxic to
HelLa cells (30), while pierisin is markedly toxic (9).

Part of the N-terminal region of both pierisin and Mtx shares
regional sequence similarity with several ADP-ribosylating
toxins (Fig. 5B). ADP-ribosyltransferase is an enzyme that
catalyzes transfer of ADP-ribosyl moieties of NAD to cellular
proteins, and various bacterial exotoxins and eukaryotic en-
dogenous enzymes possess this activity (31, 32). Although the
amino acid sequence homology among various ADP-
ribosyltransferases is poor, there is a highly conserved glutamic
acid residue, like the Glu-112 of the cholera toxin A subunit
and the Glu-148 of diphtheria toxin (16, 23, 33). A number of
mutagenesis assays have indicated that such glutamic acid

Proc. Natl. Acad. Sci. USA 96 (1999)

Pierisin

Mtx

CT-A, LTH-A,
LTP-A, PT-S1

HA-33

FiG. 7. Structural similarity of pierisin with other proteins. Cross-
hatched bar, possible signal sequence observed in Mtx; striped bars,
homologous region among pierisin, Mtx, and ADP-ribosylating toxins;
shaded bars, repeat unit of 150 amino acids. The conserved glutamic
acid residue is indicated as “E”. The trypsin cleavage site of pierisin,
indicated by an arrow, was determined by using a Shimadzu PSQ-1
protein sequencer after separation and blotting of the digested C-
terminal 70-kDa fragment on an SDS/polyacrylamide gel. Pronase E
and proteinase K also produced the 70-kDa fragment, suggesting that
there is a protease-sensitive region close to the trypsin cleavage site.
Mtx possesses a protease-sensitive region (29). The protease-sensitive
regions in pierisin and Mtx are indicated by double-headed arrows.
HA-33, hemagglutinin component of botulinus toxin; other protein
abbreviations as in Fig. 5.

residues are essential for exertion of toxicity and ADP-
ribosylating activity (34-38). X-ray crystallographic and pho-
tocrosslinking analyses suggest that the glutamic acid residue
serves as an NAD-binding site (21, 39, 40). The presence in
pierisin of Glu-165 suggests that this protein also has an
ADP-ribosylation activity, as supported by site-directed mu-
tagenesis. In addition, inhibitors of mono- and poly-ADP-
ribosylating enzymes suppressed pierisin-induced apoptosis.
These results thus strongly suggest that pierisin possesses
enzymatic activity of an ADP-ribosyltransferase that is respon-
sible for the apoptosis of human cancer cells. However, it
should be noted that several toxins other than ADP-
ribosylating enzymes also contain an essential glutamic acid
residue. Site-directed mutagenesis has shown that ricin-A and
Shiga toxin require glutamic acid residues to exert toxic effects
and enzymatic activity (41-43). Thus, it is important to clarify
the target protein of ADP-ribosylation by pierisin and its
function toward the cells.

The C-terminal regions of both pierisin and Mtx share
sequence similarity with HA-33 (or HA-34, -35), a subcom-
ponent of hemagglutinin of botulinus toxin (44-47), which
enhances toxicity by protecting components against proteolysis
under acidic conditions, such as in gastric juice (48, 49).
Interestingly, repeat units of about 150 amino acids were
observed for pierisin and the HA-33 moiety of botulinus toxin
with significant sequence similarity. The C-terminal region of
both pierisin and Mtx consists of three repeat units, accom-
panied by short sequences on both sides (Fig. 7). HA-33 also
consists of a single unit with another incomplete unit. Thus,
there may be an 150-amino acid ancestral protein or domain
possibly possessing functions such as binding ability to the cells.

The gut of larvae of P. rapae contains a variety of micro-
organisms, such as bacteria. In addition, P. rapae is known to
be a host of a parasitic hymenopteran, Apanteles glomeratus.
However, the pierisin gene cloned here must be derived from
the butterfly’s own genome, because the nucleotide sequence
of the cloned gene showed a typical eukaryotic structure with
a polyadenylation signal, and the materials used for prepara-
tion of RNA and protein were free from the parasitic wasp.
The mRNA expression level of pierisin was highest in fifth-
instar larvae, and the protein was accumulated just prior to
pupation. Pierisin protein constitutes about 0.4% of the total
protein in the pupae (8). Taken together, these results suggest
that pierisin may play some important role in insect develop-
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ment, such as pupation. At the same time, its strong cytotox-
icity might be effective as a protective agent, in line with the
compatible dual function of Sarcophaga lectin (50). Northern
blot analysis demonstrated that expression of pierisin-like gene
at the mRNA level is restricted to Pieris butterflies. Larvae of
both P. rapae and P. brassicae expressed the gene, observed as
4 kb and smaller bands, whereas it was lacking in Hebomoia
glaucippe (belonging to the same family, Pieridae) and other
families of butterfly and moth, Papilio xuthus and Bombyx
mori. This is consistent with the results of screening of a variety
of butterflies and moths for cytotoxicity (6). Understanding
the roles of pierisin should be instructive with respect to our
knowledge of insect biology and also helpful in elucidation of
mechanisms of apoptosis of human cancer cells mediated by
pierisin.
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